A AN eyt it i, D Oy .

ji

A@A"&@ C@N?Eg‘ﬁ%& E’ FROCTEDINNGS N_xa.ms

tion and its

Ionosph aill
Poter m.! to Enhance or Degrade the
Performance of Ml

Litory Sy@%ems |

(La M@ixﬁwﬂan de l’lsmgt:!‘:a re et son Potentiel
d’Amélioration ou de B’*f’mmﬁﬁn des
Perfomances des Symémm Faﬁﬁﬂmims)

«

o mmmunou ma Avmmmm
: ¢ ON aacx covea

R 2' 04




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY. "



T o e

NORTH ATLANTIC TREATY ORGANIZATION
ADVISORY GROUP FOR AEROSPACE RESEARCH AND DEVELOPMENT

(ORGANISATION DU TRATTE DE LATLANTIQUE NORD)

AGARD Conference Proceedings No.485
Ivnospheric Modification and its Potential
to Enhance or Degrade the Performance
of Military Systems
(LaModification de F'lonosphére et son Potentiel

d’Amélioration ou de D2radation des Performances
des System.=s Militaies)

i
[l

————

Papers presented at the Elec.smagnetic Wave Propagation Pancl Symposium, held in
Bergen, Norway, 28th—31st May 1990.

e

. wr e - v




t g

T T I 2 o
R L Ky A

The Mission of AGARD

According to its Charter, the mission of AGARD is to bring together the leading personalities of the NATO nations in the ficlds
of science and technology relating to aerospace for the following purposes:

— Recommending effective ways for the member nations to use their research and development capabilities for the
common benefit of the NATO community; -

~ Providing scientific and technical advice and assistance to the Military Committee in the field of acrospace research and
development (with particular regard to its military application);

~ Continuously stimulating advances in the aerospace sciences relevant to strengthening the common defence posture;
— Improving the co-operation am-ng member nations in acrospace research and development;

— Exchange of scientific and tecknical infcrmation;

— Providing assistance to member rations for the purpose of increasing their scientific and techrical potentiaf;

~— Rendering scientific and tochnical assistance, as requested, to other NATO bodies and to member nations in connection
with research and development problems in the aerospace field.

‘The highest authority withiz AGARD is the National Delegates Board consisting of officially appointed senior representatives
from each member nation. The mission of AGARD is carried out through the Panels which are compused of experts appointed
by the National Delegates, the Consultant and Exchange Programme and the Aerospace Applications Studies Programme. The
results of AGARD work are reported to the member nations and the NATO Authorities through the AGARD serics of
pubtications of which this is one. :

Participation in AGARD activitics is by invitation only and is normally limited tu- citizens of the NATO nations.

The content of this publication has been repmduccd
directly from material supplied by AGARD or the authors.

Published October 1990

Copyright © AGARD 1990
All Rights Reserved

ISBN 92-835-0590-5

Pmned by Specialised Printing Services Limited
B ﬂChigweﬂLanc,lnugluo«,leGloﬂZ‘

. e 5 Pty Pl S P et Pyl

< F— . ©
13 . .

e

Pt

L e
PSR AR VOrs L VIS TE Sy

i

o G e




Theme

The propagation medium is. in effect, an integral part of many military systems. For the most part, interest in the propagation
medium has been focussed on identifying and quantifying the limitations it imposes on systems, rather than on ways it might be
aliered, or controlled. The resuits of on-going theoretical and experitnental research show potential for modifying selected
regions of the ionosphere in order to affect radio wave propagation. A variety of modification techniques are being investigated,
both ground- and space-based. to increase or decrease existing ionization of to create independent artificial plasmas. These
sechniques include high power radio waves, lasers, particle beams, and chemical releases. In addition, recent developments i
Righ power RF sources raise concerns over system limitations due to self induced anomalous absorption, ray path deviation and
clutter. This Symposium will prezent the current state of ionospheric modification technology, with emphasis on potential
applications for enhancing or degrading the performance of military communications, surveillance and navigation systems.

Some 1opics to be covered would include:

L. General aspects of lonospheric Modification
2. Ground-Based RF Heating including:

Aocesaton Por

HF Heating (Vertical and Oblique) :
High Power Microwave Heating FTIS GRAAL
3. Chemical Modificadon DTIC TAB 's]
4 Space Based Modification ‘hannounced D
5. Wave-Particle Interaction Justification
6. Potential Applications
By
Distribution/

Avuilability Codes
Avall and/or
Dist Speaial

Théme ﬁ"

Le mifieu de propagation est, par ses effets, une caractéristique de beaucoup de systémes militaires. La plupart des efforss
consacrés & la recherche dans ce domaine ont porté sur ldentifi~ation et la quantification des limitations qu'il impose sux
systémes, plutdt que sur des solutions qui permettraient de le modificr ou de 1a controler. Les résultats des travaux de recherche
théoriques et expérimentaux en cours laissent prévoir un certain potentiel en ce qui concerne la modification de certaines
régions de lonosphere présélectionnées, afin d'exercer unc influence sur la propagrtion des ondes radio-électriques.

Toute une gamme de techniques est i Fétude, Elle fait appel 3 des équipements basés au sof ou dans espace, dont Je but est
dasugmenter ou de rech ire lonisation existante, ainsi que de créer des plasmas artificiels indépendants.

Ces techniques comprennent les ondes radio-électriques de grande puissance, les lasers, les faisceaux de particules et F'émission
de gaz; en outre, Jes progres réalisés dans le domaine des sources HF de grande puissance soulévent un certain nombre de
questions concernant les limitations imposées au systéemes par I'absorption auto-induite anom.ale, la déviation du parcours de
Tonde et le clutter.

Ce symposium présente 'état actue! des connaissances dans le domaine de la technologie de la modification de la ionosphére,
L'accent est mis sur les applications possibles en vue de 'amélioration ou la dégradation des performances des systemes
miitaires de 1élécommunications, de surveillance et de navigation. .
Parmi les sujets examinés, on distingue:
L Aspects généraux de la modification de onosphere
2. Lé&hauffernent HF éffectué a partir du sol, soit:
L'échauffement HF (vertical et oblique)
L'échauffement hertzien de puissance élevée

3. Lamodification de lMionosphére par émission de gaz

4. Lamodification de I'ionosphere au moyen de matériel transporté par satellite
5. Lesinteractions onde-particule

6. Lesapplications potenticlles
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THE PHYSICS OF GROUND BASED HEATING

y

Professor T B Jones
Department of Physics & Astronomy
University of Leicester
University Road
Leicester LE1 7RH

Introduction

The first indication that powerful radiowaves could modify the earth’s ionosphere was the discovery of the
Luxembourg Effect in 1933, (Tellegen, 1933). The transfer of the modulation of the high power Luxembourg
broadcasts on to weaker signals propagating through the same region of the ionosphere could only be explained
in terms of jonospheric “cross modulation® (Bailey & Martyn, 1934).

The ionospheric electron temperature and hence its electron density, were changed by the high power wave and
these subsequently influenced other radio signals propagated through the 'modified’ region. In the early 1970s, it
was realized that high power radio waves could produce a many instabilities in the ionosphere in addition to the
collision phenomena associated with the Luxembourg effect. These instabilities have a wide range cf spatial and
temporal scales and a number of heating facilities were specially built both in the West and in the Soviet Union,
to study their characteristics. Special issues of a number of journals have been exclusively dcvoted to heating
results, eg. J.Geophys.Res. 1970, Radio Science 1974, J. Atmos.Terr.Phys. 1982 and 1985.

High Power Modification Facilities.

The strongest interaction between a radio wave and the ionospheric plasma occurs when the wave frequency is
approximately equa! to the local plasma frequency. Thus, heating iacilities operate in the range 3 to 12 MHz to
correspond with E- and F-region plasma densities. A typical ‘heater’ is capable of delivering about 2 MW of
power into an antenna which forms a beam directed veitically into the iorosphere. Provision is made for
radiating either ordinary (O), extraordinary (X) or linear polarization. The antenna gain is usually cf the order of
about 26 db, thus an effective radiated power (ERP) of about 200 MW can be produced. The power density
F (uWm?) in the beam at a range R (km) is related to the ERP (MW) by

F=826x0
RI

and the electric field E(Vm™")

Thus, an erp of 200 MW yields power fluxes of 150 uWm? and 65 uyWm-2at B (110km) and F (250km) layer
heights respectively.

The interaction of the high power wave with the ionosphere involves a number of complicated processes which
can he subdivided into four general classes as indicated in Figure 1. The time scales for these processes differ
appreciably, ranging from a few milliseconds to tens of seconds as illustrated schematically in Figure 2 These
various interaction processes are now considered in detail.

Collisiona! Interactions (D-region).

The collisional absorption of heater wave energy in the lower ionosphere (D-region) produces a rapid increase in
electron temperature which causes an increase in electron cellision frequency and, hence, in the absorption
coefficient, JATP Special lasue, 1982). These changes will influence the propagation of other radio waves passing
through the heated region particularly at frequencies in the HF band and below. The time constants of these
heating processes are very short (~ 05 msec) and, thus, amplituds modulation of the heater signal can be
transferred to other (low power) radio waves passing through the disturbed region as in the classical
Luxembourg effect already referred to.
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The electron temperature modulations produced in the D and E regions by amplitude modulating the heating
wave, also produce electron density modulations via the electron temperature dependent recombination rates.
Consequently, the ionospheric conductivities are modulated and in the presence of the electric field,
alternating current is generated which radiates at the modulation frequency of the modifying heater (HF) wave
(Stubbe et al 1982). Significant signal levels in the ULF, ELF and VLF baads have besn radiated by modulating
the heater in this manner as indicated in Figure 3. Low frequency radiations have beent stimulated from both
auroral and equatorial electrofets and this type of radiation generation could have new applications in long
distance and sub-surface communications.

Small scale F-region rregularities.

At 2igh wave powers, instabilities can be generated in the ionospheric plasma by means of a variety of
perametric instabilities (Fejer 1979, Robinson 1989). These occur when the frequency of the heating (pump)
electromagnetic wave is close to the plasma frequency and is polarized in the o.dinary (O) mode. At least one of
the parametrically excited waves is an electron-acoustic wave with frequencies close to the pump frequency.
BExamples of such instabilities, where coupling between the wave modes is due to the Ponderomotive force (Fejer
1979), are the parametric decay instability (PDD) and the oscillatinng two stream instability (OTSI). The PDlisa
three wave interaction in which the second decay product is a low frequency fon acoustic wave (see Figure 4).
The OSTSI is a four wave process in which the pump wave decays into an electron acoustic wave and, in
addition, two zer> frequency perturbations which constitute a spatially periodic plasma density irregularity
(Dysthe ot al 1963, Weatherall et al, 1982).

The time history of the development of these various instabilities is {llustrated schematically in Figure 2.
Initially there is a rapid growth of short wavelength electrostatic .nodes driven by the PDI and OT31. These
plasma disturbances can be detected by the initial enhancement of the ion lire spectrum in incoherent radar
backscatter (Djuth et al 1985, Kohl et al 1983). Two examples of EISCAT observations of these effects are

reproduced in Figure 5.

The cenral panel of the figure corresponds 1o the fon accustic spectrum and containg two enhanced peaks at + 10
kHz pius new peak at 2ero Doppler shift (zero frequency.) These enhancements are cluaracteristic of scatter froo
Sow frequency electmstatic modes and all three peaks have amplitudes which are niuch greater than the normal
therms! lon acoustic spectrum. The two panels to the right and left in the figure represent the up shifted and
down shifted plasma line respectively. These lines are shifted by the plasma frequency (approximately 5 MHz Is
e case) from the zero Doppler shift position of the 940 MHz radar frequency. The plasov line also shows
considerable structure. The peak at zero Doppler shift corresponds to an enhanced plasma line signature.
However, the interesting feature is the more intense pesks which are disglaced by appraximately 10 kHz towards
the central jon line. These intense peaks have been interpreted (Kohl et al, 1963) as decay lines (PDI).

The presence of the OTSI is indicated by the existence of the 3 peaks at zers Doppler shift and, in the case of the
jower panel in Figure S, this process dominates. 1t must be emphasised that the spectral features reproduc 1 in
Pigure § are highly translent and are usually observed immediately after heater tum on.

The onset and nonlinear evolution of the Thermal Oscillating Two Stream instability (TOTSD causes the growth
of small scale Reld aligned irregularities. These in turn give rise to anomalous absorption effects which reduce
the pump power and so quench the short wavelength electrostatic modes associated with the PDI and OTSI
instabilities. This quenching effect actounts for the transient nature of the spectral peaks observed in the
incoberent scatter spectrum. Many theories have been pronosed to account for the growth of the small scale
quuhﬂﬁaczddﬂnmnlmuabsorpdoneffecawhich&:eyproduce(GnhmmdFe)er,lws,VnkovaM
Gurevich 1976, Robinson 1965). )

Cmddumdecumapeﬁcptm\pmoiﬁdd'!o(u,o)mpdrhq\mq o and 2ero wave number (ie. large
wavelength). This scatters from an initially low amplitude small scale plasma irregularity of density n {0, k)
with zero frequency and wave vector k (perp to the geomagnetic field). The first order scattered wave is
_ electrostatic and has an electric fleld E, (v, k). This wave can scatter from the density irregularity which
‘Mmﬁypodmnam\dcrdaehmasudcmuvdthanelecn-kﬂddﬁz(o,m. Scattering into higher
modes may also occur. Interference between the electric fields of waves with wave numbers differing by k

heating which enhances une irregularities n {0, k). The incressing size of n{o k) will lead to 2 decrense
ia B, due 10 anomalous absorption and an equilibrium value will be reached where the values of E, and nlo, k)
stabilize. The spatial and temporal development of n{o, k, t) can be derlved frm the perturbation electron and

hest balance equation in which an adiabatic approximation has been ine* - f.h]lddaanexpressionddﬂ

form.
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When 0, and D, are the diffusion coefficients parallel and perpendicular to the magnetic field, Te and T, are the
electric and ion temperatures respectively. The right hand side term of the equation represents difference
heating due to the pump and scatiered waves at the upper hybrid resonance level Z;;,,. The co-ordinate z is
measured in the directior: of the geomagnetic field. Q (o k 1) is the heating rate which can be written In a
simplified form as

nlo.kt)  ndo,kt)
Qo k, ) = aP(t) ( A + Y )exp( Tt)

where P(t) is the pump power as a function of time t P, is the pump threshold power for fi. .t order scattering
alone. P, is the threshold for second order effects only and TI" is the coefficient of anomalous absorption which
can be written as (Jones et al i1964).

Y = ba’(o,k, 1)

Examples of anomalous absorpion of three HF diagnostic waves of different frequencies propagating through
the heated volumie are reproduced in Figure 6. The greatest anomalous absorption is observed on the frequency
closest to the heater (pump) frequency. Note the marked change in fading rate produced during heating which is
the subject of another presentation at this conference.

Anomalous absorption effects can also be detected on the reflected neater signal itself (see Figure 7.) As the
heater power increases, so, initially, does the reflected signal power. At about 1/4 fuil power, the received signal
amplitude remains constant, even though the transmitted power is increased. A further increase in transmitted
power, beyond about 1/2 full power, leads to a decrease in the reflected signal strength. As the power is decreased
from full power, no change in the reflected signal strength occurs until the transmitted power is reduced to about
1/4 full power. This is the threshold for sustaining the irregularities and, since the transmitted power is less
than this value, the irregularity generation process ceases. There is a rapid but linear dedline in received signal
strength as the trznsmitted power is further decreased to zero. Tlds so-called Hysteresis effect can thus be
explained in terms of the TOST] as outline by the theory presented above (Stubbe et al, 1982).

Large-scale Irregularities

The input of energy to the ionosphere via the anomalous absorption process quickly leads to a major increase in
electron temperature. These temperature enhancements have been measured by incoherent scatter radar during
heating at Tromso and at Arecbo (Mantas et al 1981, Jones et al, 1936). Typical results for Tromse are reproduced
in Figute 8. The figure indicates that the largest enhancement occurs at keights closest to the pump reflection
height and that enhancements in T, of 500°K (corresponding to an increase of 40% over the ambient value) are
quite common. The temperature increase saturates in about 1 min after heater turn on. The T, enhancement
decays less slowly with height above the pump interaction level and more rapidly below this level. This
resporse can be explained in terms of thermal diffusion along the field line and the more rapid cooling which
occur, in the lower ionosphere due to the increased collision frequency (Gurevich 1978, Shoucri et al 1984).

Chanyes are also observed in the electron density but these are much smaller than the temperature changes,
amounting to about only 10 - 20% of the ambient value, (Figure 9). The maximum enhancement occurs at the
level of the maximum enhancement in T, and dies away rapidly above and below this level. There arr major
differences in the electron density and temperature responses. The values of ANe/Ne at 1 min after heater turn
on are lower than those 3 min after heater turn on in the height range 150 to 225 km. This indicates that the
time constans for N, changes are greater than those for T, changes. There is also evidence for a depletion in N,
near the altitude of the peak in ATe/Te. This depletion in electron density is consistent with the generation of a
thermal caviton by the Tromss heater. However, the limited height resolution of the incoherent scatter radar
(4km for N) makes this conclusion difficult to verify experimentally.
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The large scale changes in the ionospheric elactron density induced by heatirg will change the refractive index of
the jonosphere and, hence, effact the propagation characteristics of radiowaves traversing the region. it has been
astablished that it is possible to create focussing for defocussing lenses in the ionosphere depending on what
height the maximum interaction of the pump wave with the plasma occurs (Bernhardt and Duncan, 1982.)

Stimulated emisslons

When the spectrum of the heater wave reflected from the jonosphere is measured, it is found to contain
additiona! frequency components which are generated during the heating process (Thidé et al 1982, Stubbe et al
1964). The spectrum of these stimulated emissions exhibits considerable structure but is limited to about ¢
100kHz of the primary wave frequency. An example of such  spectrum is reproduced in Figure 10. The most
prominent peak is that down shifted from the parent line by about 10kHz. However, other peaks are present
both up and down shifted in frequency. These new emissions have been explained as follows. Initally, the
electromagnetic pump wave creates large amplitude electrostatic waves through the PDI process. Further, wave-
wave interactions can then occur which involves these daughter components. These interactions give rise to
new electromagnetic waves which differ in frequency from the original pump frequency. Individual peaks in

the spectrum correspond to specific scatter processes.
Summary

Heating of the ionosphere by a high power rzdio wave can generate a wealth of plasma procesias a few of which

have been reviewed in this paper. Recent advances in theoretical understanding and in experimental

techniques have lead to important new discoveries, for example, the thermal caviton. I' seems that, with the

development of more powerful heating facilities, even more interesting and, as yet unexy. sted, phenomena will
discovered.
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Figure 1. Schematic diagram of the various types of processes acsociated with ionospheric heating.
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Pigure 2. Schematic repres ion of the temporal development of the
various stages observed during a typical heating experiment.
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Pigure 4. Schematic illustrations of (a)
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Figure 5. EISCAT spectra illustrating ion
. and plasma line enhancements
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DISCUSSION
B. SCHWEICHZR, B2

Kov do you prsvent crosstalk between transmitter and receiver when performine
reflection experimants st the heater frequency?

AUTHOR'S REPLY

At Tromsg the heater is located in a steep valley, thus the direct ground vave at the
site socae 30 kr south of the heater is greatly attenuated. Our measurssents indicate
that the ground wave is very small compared to the sky vave signal.
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HIGH POWER HF MODIFICATION: GEOPHYSICS . } i

H.C. Carlson, Jr. : .
Ionospheric Physics Division . : !
Goophyslcs Laboratory, Air Force Systems Command . :
Nanscos Alr POI;’OSO‘ Base, MA 01731 '

SUMMARY

As the electria field and power density of radio frequency (RF) radiation increases
gontinuously in a plasma, the response of the plasma to the incident energy changes
discontinuously., This follows from a- complex of competing physical prccesses, cach
generally with its own power dependent threshold, and plasma inatabllities each with its ;
own growth and decay rate. MNon-linear power dependancies, boundary condition dependencies 9
on past histories of the plasas conditions, Jependence on proximity to plasma resonuances,
and non linear mixing in the plasaa to up or down convert with respect %o resonances, all
oonspire to make experimental guidance invaluable to theoretical development. Experiment
bas demonstrated that with 1lncreasing HF power one passes threshold of detectadbility
sequentially froa: passive transmiss.on, to cross-modulation, to thermal bulk heating,
to parametric and other inatabilities with plasma structuring and stimulated
sleotromagnetic radiation, to electron acceleration and airglow, to reported stimulated
jonigzation. Theoretical understanding of these effects follows from merger of radio
physics, ionospheric physias end aercnomy, plasma physics, and atomic and molecular
physics. The RF propagation and emission environment is sffected through the VLP tc GHz
range by lensing, scattering, rodulation, and stimulated emission. The optical tackground
and emission character is affected over a very wide spectrum by elsotron impact and
tesperature snhancement altering translational, rotational and vibrational temperatures
(as vell as raising fina structure population distribution questions). An adequate
understanding of the prucesses, if not a predictive capability of the consequences of
sending very high povar density RF into the ionosphere, represen-s common ground for many .
soientific discipline, agency,national, civilian, and defense goals and missions. This ¢
presentation addressss a set of geophysical effects over this range, and invites audiance {
participation in anticipation of what effects lie beyond the next threshold (of
donospheric response to higher power HF fllumination). The exciting upgrade of the Heater ;
at Tromso and emerging new HP modifier plans in the U.S. are partial motivation for such :

conjecture. N

A it

.

1. INTRODUCTION

As we contesplate the next generation of very high power HF ionospheric modification :
experiments (G watt class ERP heating arperiments) it 1s appropriate to review where we've
beesi and reflect on where we're headed. Rs energy deposited in the ionosphere has
perturbed the plasms temperature, compirition, and concentration, has generated optical
and rf emissions, has modified trc rf propagation character, has disgnosed a number of
seronomic and plasma physics processes, and has triggered a host of inatability processes.
Pigure 1 identifics many of the effects wa will now discuss in further detail.

2. THERMAL RLECTRON POPULATION
2.1 Steady State Temperature Enhancements

The bulk slectron gas temperature 1s enhanced by many tens of percent, or unj
hundreds of degreses K in the lower P region.

In fact, the thermal electron population can be heated at all altitudes in the
sonosphere. 7The dominant immediate heating mechanism 1s deviative absorption. This will
be strong wherever HF retardaticn 1s large (where an fonosonde virtual height is very
different from the true height). Each electron alternately accepts and returns energy
from and to the passing rf electric field of the HF wave. If the electron suffers a
eollision with & neutral particle, this ordered motion becomes dissrdered, i.e. heat,
the heating being said due to deviative absorption.

Locally deposited heat is very quickly distributed by strong thermal conduction
along magnetic field lines. Thiz s very effective at communicating locally depoolted
heat to ¢istant reglions, & hundred km or more away for F regica heating, where cooling
nay be more effective. Thus steady state electron gas temperature enhancements in the
P region r.2y balance lccel heating against cooling over hundreds of km. In figure 2,
rthe dashed and 301id line altitude profiles of electron temperature Te and elentron gas
beating Qe show very little difference in Te for the same total Qe spread over about a
10 km or 8 50 km altitude region. This 13 because of the dominance of heat co~duction
in distributing the heat in altitude. . L L

2 2 Response Time )

The bulk thermal plasma temperature responds with a typical un constant of a
fraction of s minute. This 1is 4llustrated in Cfigure 3. Order a minute 1s a
characteristic tises for bulk plasma effects to set in, e.g. new eleactron and ion gas
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temperatures, new plasma scale height, redistridution of new plassa pressures, plasas :
éiffusion r 8, 4and motion towards & nev equilidrius profile, and new tempersiure

.
dependent reaction rates and chemiosl cocposition,

The odassrved tise constants for electron gas cooling agree with availadle theory
within the observational error bars. It 1s important to note that this atatistical error
dar 1s set not by thy measursaent diasgnostio (e.g. order 10K for several minutes
integration at the Arecido ISR), but Dy the fluctuation betwesn the temperature in one
parcel of plassa relative to the temperature in an adjacen: parcel of plasms, as spsclal
temperature fluctuations 1in the heated plasama 4rift lthrough the diagnostio ISR fleld of
viev (here one-sixth of a degree angular field of view, or roughly & km diameter).

The electron gas cools locally by collisions with ions in the P region, and by
thersal conduction downward in altitude to wherse electrons ccllide with neutral particles
below, (The heated 1ons in the P reglon pass their hest on te neutral particles locally.)
T™he domimnt P region electron gas cooling rate, collisions with ions, is proportional
to the nusber of electrons timas the number of ions with whioh they collide. Thus, tne
electron gas 200ling rate i1s proportional to the square of the electron density, nez, axd
thus the fourth power of the plasaa frequency., Por typioal heating matched to near the
1onospheric oritical frequency foP2, one must then expect dramatioally greater heating
response at the lovw end of the heating range in view of an foF24 dependence of cooling
rate.

S. SUPRATHERMAL ELECTRON POPULATION
3.1 Supratheraal Electron Plux Energy and Spacial Distridution

Ths high enerzy tail of the electron gas population is alec enhanced. This has deen
808t readily inferred froa airglovw snhancements synohronized with HP transaitter on-off
eyoles. In figure ¥, tha sepsraticn between the envelope of the alternately higher and
lower 63004 intensities, rouzhly 20 Rayleighs, is due to electron impact excitation of
atomia oxygen by electrons of groater than 1.96aV, Prom this soasurecsnt alone we have
no inforsation on the energy Gistribution of the electron flux above 2eV, and only s crude
Msasure of the total particle or energy flux (because of ocompeting ocollision
orves-sections for electron impact as well as subsequent O('D) quenching by molecular
Aitrogen). The flux is of the same order as that which reaches a locally dark ionosphere
frum 8 sunlit conjugate midlatitude ionosphers.

Bnhancements of othar optiocal emiasions, whose excitation cross sections have higher
energy thresholds, are also seen. These in principle provide a crude electron energy
spectroseter, and a more unaadbiguous lower bound on the energy above which electrons are
aocelerated by HP excited proscesass, 6300A emissions can de enhanced by Naxwellian
eleoctrons above 2aYV for electron tesperatures exceeding rough.y 28000oK, or by non
Razwellian electrons sbove 2eY. S5577A emissions, with a NeV thresicld, and other higher
energy threshold esissions, cannot de thermally excited.

The most direqt pudlished sessuresent of the snergy speoctrum '1as been by the plasma
1ine component of the iacoherent scatter radar technique. This hat estsdlished that the
speotrus of suprathermal electrons reaches deyond 1TeV before significantly falling off
(Carlson et al, 1982). There 1s not yet at this time an accepted theory to explain this
high energy reach.

The spacial distridution of the airglov enhancements is roughly the size and shape
of the AP half power deam width, snd roughly ocollocated with 1it, as seen in figurs §
(Bernnardt ot al, 1988), Ionospheric tilts, sslf-made indentations and drifts, traveling
tgnlpborio disturbances, and gravity waves will displace the location of maximum airglow
enhancement .

3.2 Response Time

T™he 63004 enhancesent response time, roughly a lsrge fraction of a minute in figure
N, 1s Getersined by the response time of the 6300 emission process, not the time for the
supra thersal electron flux to turn on. S5577A eamissions shov response times of a large
freotion of s second, also determined by the response time of the optical emission
procuss, not the electron flux turn on. The suprathermal electron flux turns on over
plassa instability time scales (measured in ms, not s).

8. PARAMKTRIC INSTABILITIES
8.1 Spectral ldentification

Among the plasma instadilities excited in the ionosphere by the HP transaltter are
seversl at and near the height of HF reflection, identifiadble 1in figure 6 Dby their .
speotral signature on the incoherent scatter radar plassa lirs echo. Ri

The spectral peak at the HP frequency displacement 1s due to thu two stress
instabdbility. The strongest spectral pesk in this case, at the ion acoustic wave doppler ) -
displacement iwi, 1s due to the decay mode instadblliity. Plassaa waves in this case are PR
enhanced adout 1011 adove their thermal amplitude. The line at -wi is the decay sode :




